Introduction
Dark pulses are sharp dips in power of electromagnetic radiation that are often accompanied by a phase jump across the intensity minimum. Since their first observation [1] , dark pulses have attracted considerable attention, especially in the fields of solitons [2, 3] , x-ray spectroscopy [4] , nonlinear optics [5] , Bose -Einstein condensation [6] , optical communications [5] , generation of Kerr combs [7] and coherent quantum control of optical transitions in atoms [8] . The generation of dark pulses of few hundreds of femtoseconds to nanoseconds duration has been demonstrated by various methods [3, [9] [10] [11] [12] [13] . These methods includes, spectral filtering by spatially patterned amplitude and phase masks [3] , complex manipulation of regimes of ytterbium-doped fiber ring laser [14] and various other lasers with saturable absorbers based on carbon nanotubes [11] , topological insulators [15] , Antimony telluride films [16] and InGaAs:Be, Er doped multi-quantum wells [10] . The principal difference and advantage of our approach in comparison with previously developed laser sources of dark pulses is that, in principle it allows transferring arbitrary pattern of "bright" pulses into a pattern of "dark" pulses in another channel. Moreover, our relatively simple and robust method allows formation of dark pulse as short as only a few wave periods. Here we report generation of 11fs dark pulses using the effect of "perfect absorption" [17, 18] . When two coherent counter-propagating electromagnetic waves of the same intensity form a standing wave, a thin absorber placed in the antinode of the wave could completely dissipate energy of both waves if its traveling wave absorption is 50%. If one of the waves is a short "gate" pulse, the "perfect absorption" regime will lead to the depletion of energy from the other "carrier" wave during their temporal overlap on the absorber, creating a dark pulse.
Generation of femtosecond dark pulses
We use the "coherent perfect absorption" regime to generate a dark pulse on the profile of relatively long 70fs carrier pulse by dissipating its energy into plasmonic absorber during a short period of interference with an 11fs gate pulse, as illustrated schematically in Fig. 1 . Pulses with 6fs duration and repetition rate of 75MHz are generated by a mode-locked Ti:sapphire laser (Femtolasers "Rainbow") and then conditioned to nearly transform-limited 11fs pulses by a pulse shaper (Biophotonics-MIIPS) by taking feedback at the sample position. The 11fs gate pulses with a central wavelength of 800nm and a spectral full-width half-maximum of around 85nm generated by the pulse shaper are split by a 50:50 pellicle beam splitter. In the carrier channel pulses are stretched from 11fs to 70fs using 10nm band pass filter (BPF). In the gate channel the pulses pass through a tunable attenuator comprising of a half wave plate (HWP) and a linear polarizer (LP). This attenuator is used to balance intensities of waves interacting at the absorbing film (similar intensities are used in both the channels, average power was measured by photo diode). To restore duration of the gate pulses after broadening in the attenuator, they are passed through a pair of dispersion compensation mirrors (DCM). Both beams are focused (diameter ~40μm) on the absorber from the opposite sides by two parabolic mirrors (FM -ROC ~15cm) forming a standing wave at the absorber's location. Low pulse fluence, below 0.5 nJ/cm 2 , was maintained during the experiment to minimize opto-thermal damage and nonlinear effects in the absorber.
As an absorber we used a free-standing plasmonic metamaterial film, a two-dimensional array of asymmetric split ring slits in a free-standing gold nano-membrane [ Fig. 1(b) ]. Starting from a 50nm thick silicon nitride membrane supported on a silicon frame, we thermally evaporated a 60nm thick gold film on a 50nm thick silicon nitride membrane supported on a silicon and then removed the silicon nitride layer by reactive ion etching, keeping the gold layer intact. Metamaterial pattern was then fabricated on the gold nanomembrane by focused ion beam milling. The overall size of the metamaterial array was 50µm × 50µm. The period of array in both directions (320nm) was shorter than any wavelength of light used in the experiment and therefore at normal incidence light does not diffract on the absorber. The resulting metamaterial 60nm in thickness showed a plasmonic resonance around 800nm with peak absorption of ~47% [ Fig. 1(c) ]. As the regime of perfect absorption requires the absorbing film to be placed exactly at the anti-node of the standing wave with sub-micron accuracy, piezo actuator was used to adjust absorber's position. Spectral and temporal profiles of the "bright" pulses were characterized by spectrometer and by measuring their field cross-correlation (auto-correlation for 11fs) functions [ Fig. 2 and Fig. 4 ]. This cross-correlator (auto-correlator) is calibrated with the standard FROG's data taken by pulse shaper. To characterise the dark pulses generated by perfect absorption, we also measured a field cross-correlation function,
between the dark pulse and the gate pulse [ Fig. 4(c) ]. The correlator consisted of a beam splitter and two mirrors in the Michelson interferometer arrangement, where one of the mirrors was translated by a piezo drive and output of the correlator was monitored by integrating silicon detector [ Fig. 1(a) ]. To model the process of dark pulse generation we assume experimental values of absorption A(λ) as presented at Fig. 1(c) , A( 0 λ ) = 0.47 at the peak. Here spectral components of the dark pulse can be calculated from the scattering matrix of the 4-port device handling two input waves (carrier and gate) and two output waves one of which corresponds to the dark pulse investigated in our experiment (dark pulse1) and another is from the opposite direction of the absorber (dark pulse2) [19] :
where s = -A(λ), (s = −0.5 corresponds to the case of coherent perfect absorption for identical pulses). Assuming transform-limited Gaussian carrier and gate pulses, corresponding calculated spectral density profiles and modelled dark pulse alongside with experimental carrier and gate pulses are shown in Fig. 2 . It is interesting to note that ~64% of 11fs dark pulse energy (shaded section of the spectrum, horizontal lines) is confined within the range of frequencies forming a much longer 70fs carrier pulse, while the remaining 36% of energy is spread over frequency range corresponding to the short 11fs gate pulse (shaded section of the spectrum, vertical lines).
As shown in Fig. 3(f) , we also simulated the field cross-correlation function between the dark and gate pulse, as measured in the experiment [ Fig. 4(c) ]. The temporal profile of the simulated dark pulse corresponding to the cross-correlation function at Fig. 3(f) is presented at Fig. 3(c) . Experimental cross correlation function presented at Fig. 4(c) corresponds to a dark pulse of 11fs duration. Our attempts to generate shorter dark pulses with gate pulses as short as 6fs have not resulted in shortening of dark pulses. 11fs pulses are arguably the shortest dark pulse duration possible with metamaterial plasmonic absorber made of gold metamaterial film as spectrum of absorption is limited by the width of the plasmonic response linked to the plasmon relaxation time in gold [20] [see Fig. 1(c) ]: interaction of spectral components of shorter carrier and gate pulses outside of the absorption line will not lead to efficient coherent absorption. We have confirmed this independently by measuring the standing wave absorption of gate pulse as a function of pulse duration. This was performed in a simplified version of interferometer when all elements of the interferometer apart from beam-splitter, focusing optic and metamaterial absorber were removed from the set up making arrangements for the perfect absorption experiment [21] . Results are presented in Fig. 5 . They indicate that standing wave absorption indeed drops for pulses shorter than 11fs. We shall note here that slow decline of coherent absorption upon increase of pulse duration from 11fs to 185fs is explainable by onset of nonlinear effect of absorption saturation at high fluencies. 
Conclusions
In summary, we demonstrate generation of the shortest so far, 11fs dark pulses using the process of perfect coherent absorption in a thin plasmonic metamaterial. We also show that spectral width of the plasmonic absorption resonance that is linked to the plasmon relaxation time in gold does not allow generation of pulses shorter than 11fs using this type of absorbers. We argue that such pulse could enable the generation of short dark solitons which can propagate large distances in dispersive media without broadening [22] with high stability, low loss and low noise compared with bright solitons [16, 23] . Dark pulses also can be used in spectroscopy enabling direct measurement of ultra-short excitation dynamics [4] . 
